Effects of high temperature (HT) on pollen quality, ovule fertilization and development of embryo and achene were investigated in relation to fruit malformation in 'Tochiotome' strawberry (Fragaria × ananassa Duch.). When the flower bud of the first inflorescence was developing, plants were transferred to HT (32/27°C) and control temperature (CT: 27/22°C) rooms. At anthesis, anthers were collected from flowers in the first (1st) and second (2nd) inflorescences to examine pollen viability and germination. Both viability and germination were not significantly different between the two temperatures and inflorescences. Approximately 90-93% of ovules were fertilized under CT in both inflorescences; however, the fertilized percentage of ovules in HT-1st was only 52% and significantly increased to 85% in HT-2nd. Embryo development in both inflorescences was accelerated by HT: embryos from HT regimes were in heart-and torpedo-shaped stages at 6 and 8 DAP while those of CT were still in globular-and heart-shaped stage. The transverse and longitudinal lengths of embryos under HT increased more rapidly than under CT. Embryo abortion in the globular stage was found at 2 and 6 DAP under HT-2nd. Relationships between the percentages of three types of achenes (unfertilized (Un), aborted (Ab), and normally developed (Nd) achenes) and degrees of fruit malformation were examined. Ripe fruits were graded into five fruit shape scores (0-4), 0 = well shaped fruit, and 4 = severely malformed. Nd achenes in CT-1st and CT-2nd were approximately 70% with fruit shape score; 0.8 and 0.2, respectively, whereas those in HT-1st and HT-2nd were 38 and 54% with high malformed shape score: 2.8 and 1.8. Un achene in HT-1st was 45%, while only 9% was found in HT-2nd. The Ab achenes rate was remarkably increased to 31% in HT-2nd treatment, these suggesting that the sudden rise of temperature after flower bud initiation lowered the ovule fertilization rate and raised the unfertilized achene rate, resulting in a high degree of fruit malformation in HT-1st, while longer HT increased achene abortion during early embryogenesis due to low pistil potential, and finally induced fruit malformation in HT-2nd.
Introduction
Commercial strawberries are grown in a broad range of climates, including temperate, grassland, Mediterranean, taiga and subtropical (Hankock, 1999) . In some subtropical areas such as high-elevation areas in Thailand, the June-bearing 'Tioga' is adaptable to the environments but its yield and fruit quality are unsatisfactory (Pipattanawong, 1996) . During summer production of strawberry in Japan, high temperature increased small and unmarketable strawberry fruits (Kumakura and Shishido, 1995) . Therefore, to increase the marketable fruit yield for summer production in temperate areas and to extend the harvesting season in subtropical areas, studies on the effect of high temperature (HT) on fruit malformation of June-bearing strawberry are necessary.
Fruit malformation in strawberry (Fragaria × ananassa Duch.) was triggered by several factors, such as damage of achenes by frost, disease (Hancock, 1999) , insects (tarnished plant bug) (Łabanowska, 2007) , immature pistils in the pollination period (Yoshida et al., 1991a) , and high nitrogen application (Yoshida et al., 1991b) . Nitsch (1950) stated that fruit development depended on the number of fertilized achenes on the receptacle. Successful fertilization and adequate numbers of achenes are necessary for a marketable shape 301 and size of strawberry fruits.
Among the environmental conditions, temperature is one of the most important factors that affect fruit and seed set. Temperature can affect fruit and seed set at different stages of the reproductive developing process in several species, such as pollen viability and germination (Higuchi et al., 1998; Sato and Peet, 2005) , stigmatic receptivity (Hedhly et al., 2003) , and ovule longevity (Sanzol and Herrero, 2001) . In 'Toyonoka' strawberry, pollen viability was significantly lower at 30/25°C (HT) than at 28/13°C control temperature (CT), while HT only slightly affected pollen viability in 'Nyoho' (Ledesma and Sugiyama, 2005) . Leech et al. (2002) reported that the greatest reduction in the germination rate for strawberry 'Florence', 'Marmolada', 'Pegasus', and 'Tamella' occurred at 30°C and RH 75-85%. Pistil maturity at anthesis (Yoshida et al., 1991c) and pistil viability after anthesis also affected fruit malformation of strawberry (Inaba, 2001; Yoshida et al., 1991a) . Unfertilized and aborted achenes were found to cause small and malformed fruits in 'Raiho' strawberry grown under HT (Fujiishige et al., 2001) , however, fertilization failure did not seem to be a major cause of strawberry fruit malformation in the second inflorescence that was maintained under long-term high temperature (L-HT) (Pipattanawong et al., 2005) . In this study, the effects of HT on pollen quality, ovule fertilization and the development of embryo and achene were investigated in relation to fruit malformation in 'Tochiotome' strawberry.
Materials and Methods

Plant materials and temperature treatments
Rooted daughter plants of 'Tochiotome' were planted in 0.45 L polyethylene pots containing a medium of granulated soil (Akadama soil), chaff, and rice husk charcoal (3 : 0.5 : 0.5). They were maintained in a natural daylight plastic house with 9 h daylength and average daytime temperature of 28.7°C and night cooling treatment controlled at 17°C for flower induction for 4 weeks from late August to late September 2006 (experiment 1 and 2) and 2007 (experiment 3 and 4). In late September, five plants were sampled to observe flower bud initiation at three-day intervals. When the first flower of the inflorescence had developed to the petal-developing stage, plants were then transplanted to 1.5 L plastic pots containing Akadama soil, volcanic ash soil (Kanuma soil), chaff, rice husk charcoal (2 : 1 : 0.5 : 0.5), and fertilizer (15N-15P 2 O 5 -15K 2 O; CDU) applied at 1 g per pot. Twenty plants were then transferred to natural daylight type phytotrons with 10.5 h average daylength maintained at either 32/27°C (HT) or 27/22°C (CT) from October to February. Flowering periods of the first and second inflorescence under CT were in early November and late December, and those under HT were in early November and mid -December respectively.
Pollen viability, germination and ovule fertilization
At anthesis, five flowers from each flower position (first to third flower) were sampled from the first and second inflorescences, and 15 flowers per treatment were examined for pollen viability and germination rates. Anthers were gently gathered using forceps and kept in a Petri dish at room temperature until dehiscence. To investigate pollen viability, 500 pollen grains per flower were stained with 0.1% acetocarmine in 45% acetic acid, and 7,500 pollen grains for each treatment were observed. After 15 minutes, dark red pollen was defined as viable while light pink, small and/or abnormal shaped pollen was defined as sterile. The pollen germination rate was examined by culturing pollen grains on a germination medium consisting of 8% glucose, 0.6% agar, and 50 mg·L −1 boric acid. The Petri dish was incubated for 2 h in a growth chamber of 25°C under dark condition and 7,500 pollen grains per treatment were observed.
To investigate the fertilized ovule percentage, five flowers from each flower position (first to third flower) were pollinated with a small brush at anthesis. After 24 h, the flowers were sampled and preserved in FAA (5 : 5 : 90, formalin: acetic acid: 70% ethanol). Twenty pistils (ovaries with style attached) were randomly sampled from individual proximal, middle, and apical regions of the receptacle; 60 pistils per flower (900 pistils per treatment) were examined. Pistils were softened with 8 M NaOH for 1 h, washed with distilled water, stained overnight in a solution of 0.1% aniline blue (in 0.1 M K 3 PO 4 ), and then observed under a fluorescence microscope. Pistils with pollen tubes extending through the style but failing to enter the ovary were defined as 'unfertilized ovules', and pollen tubes reaching the ovules were defined as 'fertilized ovules' (Fig. 1 ).
Observation of achene and embryo development
Five flowers from each developing stage from first and second inflorescences were pollinated using a small brush at anthesis, collected at 0, 3, 6, 9, 12, 15 and 18 days after pollination (DAP) and then preserved in FAA. At each development stage, achenes were classified into three types by size and appearance: 1) the smallest and shrinking achene as 'unfertilized achene' (Un), 2) midsized achene as 'aborted achene' (Ab), and 3) the largest achene as 'normally developing achene' (Nd). At each development stage, ten achenes per type were randomly sampled from the proximal, mid-and apical regions of the receptacle of flowers (30 achenes). The thickness, and transverse and longitudinal lengths of these achenes were measured by digital microscope (VHX 500, Keyence, Osaka, Japan). After measuring, achenes were dissected by razor blade to determine the size and developmental stage of achene.
Effect of temperature on percentage of unfertilized, aborted, and normally developed achenes and degree of fruit malformation At anthesis, flowers were pollinated using a brush and harvested at ripening. Ripe fruits were graded into five fruit shape scores (0-4), 0 = well-shaped fruit and 4 = severely malformed. Achenes on ripe fruits were classified into three types by size and appearance: 1) smallest shrinking achene and turning brown as 'Un achene' (Fig. 1-C 1 ) , 2) mid-sized fertilized but poorly developed achene and still green as 'Ab achene' (Fig. 1-C 2 ) , 3) the largest, with yellow or red as 'Nd achene' (Fig. 1-C 3 ) .
Observation of normally developed and aborted embryos during embryogenesis
Five flowers were collected from first and second inflorescences at each developing stage including 0, 2, 4, 6 and 8 DAP, and preserved in FAA. These ovules or developing seeds were subsequently dehydrated, infiltrated and embedded through a tertiary butyl alcoholparaffin-wax series. Sections were cut 10 μm thick with a rotary microtome and stained with 0.1% O Toluidine blue. Embryo developmental stages at 0, 2, 4, 6, and 8 DAP were observed under a transmission light microscope (CS-T15, Carton, Tokyo, Japan).
Results
Pollen viability, germination and ovule fertilization
There was no significant difference in pollen viability and the germination rate between the two temperatures or inflorescences. Percentages of viable pollen were 45 and 48%, respectively, from flowers in the first (1st) and second inflorescences (2nd) grown under HT (Table 1) . Pollen viability of plants grown under CT was 44% in both inflorescences. The germination rate of all treatments was approximately 30%. Percentages of ovule fertilization of flowers in HT-1st was 52% and considerably increased to 85% in HT-2nd treatment, while ovule fertilized rates of CT-1st and CT-2nd were 90 and 93%, respectively ( Table 1) .
Effect of temperatures on percentage of unfertilized, aborted, and normally developed achenes and degree of fruit malformation
Percentages of Nd achenes in CT-1st and CT-2nd treatments were approximately 70% with fruit shape score; 0.8 and 0.2, respectively, whereas percentages of Nd achenes of fruits from HT-1st and HT-2nd were 38 and 54% with severely malformed shape score: 2.8 and 1.8 (Fig. 2) . The Un achene rate of HT-1st was 45%, while the Ab achenes rate was remarkably increased to 31% in HT-2nd treatment and only 9% of Un achene was found (Fig. 2) .
Observation of achene and embryo development
Un and Nd achenes could be defined by transverse and longitudinal measurements at 3 DAP (Fig. 3) . Sizes of Un achenes did not change through out their development. Size differences between Un and Ab achenes in HT-1st treatment were small (Fig. 3A, 3B) ; however, they could be classified by appearances. Un achenes in every stage shrank but aborted achene continued to swell with a dried embryo sac inside. Un and Ab achenes in the second inflorescence were clearly distinguishable by longitudinal length after 9 DAP (Fig. 3C, 3D ). Thickness of Ab achenes under HT-2nd gradually increased from 6 DAP until fruit ripening stage, while that of Ab achene in HT-1st was slightly thinner after 9 DAP and was still thicker than Un type at 18 DAP (Fig. 4) .
The embryo developmental stage was not different among proximal, mid-, and apical regions on a fruit (data not shown). Embryogenesis at 6 DAP was heart shaped under HT, while still globular-shaped under CT, and became torpedo-shaped at 9 DAP at both temperatures (Fig. 5A, 5B ). In the second inflorescence, embryo sizes under HT more rapidly increased at 9 and 15 DAP compared with CT, and finally reached the same sizes at 18 DAP (Fig. 5B) .
Observation of early aborted embryo
Embryogenesis under HT and CT temperatures showed similar results as experiment 3 that HT accelerated embryo development. Embryos were in globular, heart, and torpedo stage at 4, 6, and 8 DAP, respectively, while embryos under CT were still globular-, and heart-shaped at 6 and 8 DAP (Fig. 6 ).
Occurrences of abortion and irregular globular-shaped embryos were found at 2 DAP, and early globular stage embryos were found at 6 DAP while most Nd embryos had developed to the heart-shape by this period (Fig. 6 ).
Discussion
In this study, the viability and germinated rates of pollen obtained at two temperatures (32/27°C and 27/22°C) showed no significant difference between temperatures and inflorescences ( Table 1 ), suggesting that the sensitivity of pollen to HT in 'Tochiotome' strawberry was lower than that in 'Toyonoka' (Ledesma and Sugiyama, 2005) . On the other hand, the ovule fertilization rate of flowers from HT-1st was significantly lower than that of CT-1st, while the ovule fertilized percentage greatly increased by 33% in HT-2nd (Table 1 ). This could imply that the sudden change of temperature regimes, transferring the plants from optimum day-night temperature (28.5/17°C) to HT (32/ 27°C) in the flower bud-developing stage (petal-forming period), lowered pistil viability in the first inflorescence. Beppu et al. (2001) stated that beginning HT treatment at the flower bud-developing stage induced double pistils of sweet cherry. The effects of HT exposure at the flower bud-developing stage on poor flower development were also reported in broccoli (Björkman and Pearson, 1998) and peanuts (Prasad et al., 1999) .
In this study, the results of the fruit shape score agreed with the percentages of three achene types. Nd achenes were more than 70% and the fruit shape score was accordingly better in CT-1st and 2nd. The Un achene rate was great in flowers from HT-1st (45%), while this percentage significantly declined in HT-2nd treatment (9%) (Fig. 2) . The increase of Ab achenes to 31% in HT-2nd resulted in a high misshapen fruit score (1.8) compared with CT-2nd (0.2). These results suggested that under long-term HT in the second inflorescence, achene abortion might play a major role of strawberry fruit malformation. Achene abortion under HT in strawberry might be triggered by starvation through several factors: poor root growth (Saito et al., 2008) , low photosynthetic activity, competition among young and older fruits (Hancock, 1999) , and low carbohydrate contents in leaves, petioles, and crowns (Wang and Camp, 2000) .
Aborted achenes showed slower growth than normal (Figs. 1C, 3, and 4) and had aborted embryos. In Japanese morning glory, aborted seeds could be observed only at the early stage of post-pollination, and aborted ovule or seed structures in embryo sacs degenerated a few days after anthesis (Miyajima et al., 2003) , while in zinnia, the inner structure of aborted seeds mostly degenerated at 15 DAP (Miyajima, 2005) . In 'Tochiotome' strawberry, embryos under CT were globular shaped, while embryos under HT accelerated to heart shaped in early embryogenesis at 6 DAP (Fig. 6 ). Aborted embryos were found at the globular stage at both 2 and 6 DAP in HT-2nd ( Fig. 6 ). We therefore considered that the susceptible stage to HT could be in early embryogenesis ie; globular stage.
In conclusion, fruit malformation in the first inflorescence could be induced by a low Nd achene rate and high unfertilization because of a 'sudden rise of temperature' after transplanting plants from controlled temperature, such as night cooling, to high temperature regimes. The increased fertilized ovule percentage in the second inflorescence might be due to flowers and their pistils acclimatizing to long-term HT; however, more ovules would be aborted by lower pistil potential even after fertilization had completed, resulting in fruit malformation under long-term HT in fruits harvested from the second inflorescence.
